Introduction
Microbialites are organosedimentary structures formed by the direct and/or indirect activity of associated microorganisms. They can be laminated in the case of stromatolites. Although abundant in the Precambrian, microbialites are scarce today, being found only in restricted areas such as in the hypersaline Shark Bay in Australia (Logan, 1961) and in alkaline lakes such as Lake Van in Turkey (Kempe et al., 1991) or Lake Satonda in Indonesia (Arp et al., 2003) . The stromatolites from the Bahamas are the only example of such structures developing in an open marine environment (Dravis, 1983; Dill et al., 1986; Reid and Browne, 1991; Reid et al., 2000 Reid et al., , 2003 . Modern microbialites can be used as analogs of the oldest fossil stromatolites, which can be traced back to the early Archean at 3.5 billion years (Awramik and Sprinkle, 1999) . However, the biogenic origin of the oldest fossil stromatolites is still debated, as microfossils or other indisputable biosignatures are not systematically and unambiguously associated with them (for example, Buick et al., 1981; Grotzinger and Knoll, 1999; Lepot et al., 2008 Lepot et al., , 2009 . For this reason, the physical, chemical and biological processes that control the growth of modern stromatolites remain to be properly understood. In particular, the specific role of microorganisms in the formation of stromatolites remains elusive, that is, whether they have a direct role by promoting carbonate precipitation, or an indirect role by secondarily colonizing abiotically precipitated minerals, and eventually stabilizing and further entrapping abiotic precipitates. Some metabolisms, such as photosynthesis and sulfate reduction, are known to promote carbonate precipitation by local alkalinization (that is, pH increase), whereas others, such as aerobic heterotrophy or fermentation, promote carbonate dissolution by acidification (Dupraz and Visscher, 2005; Dupraz et al., 2009) . Exopolymeric substances (EPSs), consisting a mixture of carbohydrates, proteins and nucleic acids, excreted in various amounts, are also known to have a negative or positive role in carbonate formation, depending on their divalent cation binding capacity, rendering Ca 2 þ or Mg 2 þ , available or not, for precipitation (Braissant et al., 2007 Dupraz et al., 2009) . In addition, microbial activity may lead to the formation of particular mineralogical structures, which, when associated with remnants of cells or organic polymers, could be used as biosignatures of the past life on Earth and/or, possibly, other planets (for example, Benzerara et al., 2006; Benzerara and Menguy, 2009; Dupraz et al., 2009) .
In the aim to detect particular mineralmicroorganism associations that might indicate the biogenicity of some mineral phases and point out to a direct role of microorganisms in microbialite formation we have looked for specific mineralmicrobe associations in modern microbialites collected from the alkaline (pH 8.9) crater lake of Alchichica located near Puebla, Mexico (Kaźmierczak et al., 2011) . This lake is carbonateenriched and exhibits a Mg/Ca ratio of ca. 40. Under these conditions, the precipitation of hydromagnesite (Mg 5 (CO 3 )4(OH)2 þ 4H 2 O), which is the dominant carbonate mineral in microbialites, is naturally favored (Kaźmierczak et al., 2011) . Alchichica microbialites harbor a wide diversity of cyanobacteria, among which members of the Oscillatoriales and Pleurocapsales are the most abundant, but also members of many other prokaryotic and eukaryotic lineages are present (Couradeau et al., 2011 (Couradeau et al., , 2012 .
To look for specific mineral-microbe interactions in Alchichica microbialites, we used a novel methodological approach for the three-dimensional imaging of microbialites combining confocal laser scanning microscopy (CLSM) observations and Raman spectroscopy at the micrometric scale.
CLSM has been traditionally used to image naturally autofluorescent, pigment-bearing microorganisms, such as cyanobacteria, but also is used to image microorganisms labeled with specific fluorescent probes, for example, during fluorescent in situ hybridization experiments (see Kawaguchi and Decho, 2002; Amann and Fuchs, 2008; Goh et al., 2009) . The spectrum of the Raman-scattered light is specific of the chemical bonds and symmetry of molecules, allowing the spectra to be used to identify a wide range of abiotic and biotic materials (Beyssac and Lazzeri, 2012) . Raman spectroscopy has been increasingly used indeed to correlate macromolecular composition with specific microorganisms in natural communities (Huang et al., 2007 (Huang et al., , 2009 (Huang et al., , 2010 Wagner, 2009; Wagner et al., 2009; Hall et al., 2010) and is particularly relevant to Raman and fluorescence imaging of microbialites E Gérard et al identify and map minerals, including polymorphs of calcium carbonate, such as aragonite and calcite (Rividi et al., 2010) . By combining CLSM and Raman spectroscopy, we show that although hydromagnesite is associated with the EPS of various cyanobacteria and other microorganisms, aragonite is closely related to one cyanobacterial morphotype belonging to the order Pleurocapsales. This strongly suggests that these cyanobacteria promote the precipitation of carbonates in Alchichica microbialites, and that the nature of precipitated carbonates is specifically linked to their phylogeny.
Materials and methods

Sample collection and fixation
Microbialites and associated biofilms were collected in June 2007 in the alkaline crater lake of Alchichica located in the Cuenca Oriental region (191 24' N, 981 24' W) at an altitude of 2300 m (Figures 1a-d) . Sampling was carried out from the lake surface down to a 14-m water depth. The lake had a pH of 8.8 with a Mg/Ca ratio of 48 (Kaźmierczak et al., 2011) . The bulk mass of the microbialites under the biofilms was white and composed mostly of hydromagnesite. A complete description of the lake chemistry and sampling protocol can be found in Kaźmierczak et al. (2011) . After collection, some microbialite fragments were directly fixed on the field in RNAlater (Ambion, Inc., Austin, TX, USA). Others were stored in sterile Zip plastic bags and fixed at the Orsay laboratory in a formaldehyde solution at 2% (methanol free, ultra pure; Polysciences, Inc., Warrington, PA, USA) for 4 h at 4 1C, washed in phosphate buffered saline and stored in (1/1) ethanol/phosphate buffered saline at À 20 1C until use. Finally, a fragment of a 15-m-deep microbialite collected in 2012 was transferred to a laboratory aquarium and maintained in culture (pH ca. 9) as described previously (Couradeau et al., 2011) .
Calcein staining of microbialite biofilms Calcein (2,4-bis-[N,N 0 -di(carbomethyl)-aminomethyl]-flluorescein) binds to Ca 2 þ and Mg 2 þ , and emits fluorescence in the presence of both cations at high pH. Fluorescent calcein incorporates into growing calcium carbonate structures and has been traditionally used for identification and measurement of growth of many animals, including fishes, mammals, gastropods, echinoderms (see Moran, 2000) , as well as the detection of growing carbonates around bacteria (Zippel and Neu, 2011) . Microbialite fragments (14-15 m depth) fixed in RNAlater or freshly collected from the laboratory aquarium were stained with calcein (0.1 mg ml À 1 ) for 36 h at 4 1C in RNAlater or at room temperature in aquarium water. Microbialiteassociated biofilms were then mounted between a glass microscope slide and a glass cover slip for CLSM observations. Staining and LR-white embedding of fixed microbialites Before embedding, millimeter-sized pieces of formaldehyde-fixed microbialites were stained with DAPI (4 0 ,6-diamidino-2-phenylindole) at 1 mg ml
for 2 h at room temperature, and with calcein at 0.1 mg ml À 1 at 4 1C for 48 h. After staining, microbialite fragments were dehydrated in a gradual series of ethanol baths (30%, 50%, 70%, 90% and 100%), and progressively impregnated with hard grade LR-white resin (Polysciences, Inc.). Briefly, the samples were incubated for 18 h at 4 1C in 1/1 and then in 2/1 mixture of LR-white/ethanol, and finally in pure LR-white resin. After 3 h at room temperature, samples were embedded in pure LRwhite resin for 1 h at 40 1C and then for 24 h at 60 1C. After polymerization, transverse sections were cut with a diamond wire and polished (diamond powder 0.25 mm) to a final thickness of about 50 mm. LR-white resin is appropriate for water immersion and offers, in addition, excellent resistance to long-lasting laser exposure, inherent to mapping. Raman analyses are moreover not hampered by excessive fluorescence emission and band interferences, as occurs with many other resins.
Combined CSLM and Raman microspectroscopy and imaging Biofilms and fixed (RNAlater and formaldehyde) microbialites sampled in the lake at 10 cm to 14 m depth were examined at the Institut de Physique du Globe de Paris, using a FluoView FV1000 CLSM with a spectral resolution of 2 nm and a spatial resolution of 0.2 mm (Olympus, Tokyo, Japan) combined with an Invia Raman Spectrometer (Renishaw, Wotton-under-Edge, UK). The FluoView FV1000 was equipped with a 405-nm laser diode and multiline argon (458, 488 and 515 nm), heliumneon-green (543 nm) and helium-neon-red (633 nm) lasers. Fluorescence image stacks of the microbialite transversal sections or the unstained fresh biofilm were obtained with concomitant excitation at wavelengths of 405, 488 and 543 nm by collecting the emitted fluorescence between 425-475, 500-530 and 560-660 nm, respectively. The fluorescence spectra were recorded between 405 and 800 nm for a specific wavelength excitation with band width analyses of 10 nm and steps of 5 nm. For concomitant CSLM/Raman image acquisitions, a water immersion LUMPLFL 60XW objective (Olympus; Â 60 magnification) with numerical aperture of 0.9 was used. For RNAlater-fixed biofilm examination, an oil immersion objective UPLSAPO 60XO (Olympus; Â 60 magnification, numerical aperture ¼ 1.35) was used. Three-dimensional images were acquired, visualized and processed using the F10-ASW FLUOVIEW software (Olympus). The Renishaw Invia Raman spectrometer was equipped with a 514-nm Ar laser source and a 785-nm laser diode source. As cyanobacterial autofluorescence blurs Raman analyses when using the 514 nm laser source, we used the 785 nm laser source instead. Beam centering and Raman spectra calibration were performed daily on a Si-Al microprocessor chip displaying a characteristic Si Raman shift at 520.4 cm À 1 . Extended mode analysis in the range of 100-3000 cm À 1 was used to acquire reference spectra. Ten individual accumulations of 10 s integration time were performed in order to obtain each reference spectrum; background was not corrected. Dynamic line-scanning Raman mapping (Renishaw Streamline) was performed in the range 387-1538 cm À 1 by scanning the sample over selected areas (8 s pt À 1 ) by using a motorized PRIORTM stage allowing XYZ displacements with a submicrometric step precision. Laser intensity was set at 300 mW. Under these conditions, a pinhole allowed for a spatial resolution of 2-3 mm. Light was dispersed by a holographic grating with 1200 grooves per millimeter and the signal was analyzed with a RENCAM charge-coupled device detector. Compositional maps representing the intensity distributions of characteristic peaks were determined using the software Wire 3.2 (Renishaw) based on component analysis, comparing reference spectra with each spectrum composing the hyperspectral map. Spectra collected on Alchichica microbialites were identified by comparison with pure aragonite and hydromagnesite mineral standards from the mineral collections of the University Pierre et Marie Curie (Paris, France) and the French National Museum of Natural History, respectively, and with the RRUFF database (http://rruff.info/; Downs, 2006) . Cyanobacteria were not analyzed by Raman spectrometry as done by Huang et al. (2007) , because the Raman spectra of microbial cells are not distinguishable from the Raman spectra of the LRwhite resin. The cell localization relies on their fluorescence emission (cyanobacterial autofluorescence and DAPI staining) and is thus based on CLSM imaging.
Results
We applied Raman spectroscopy and CLSM on exactly the same sample zones at the micrometer scale in order to identify potential specific associations between different microorganisms and carbonate precipitates in Alchichica microbialites. We used a variety of microbialite fragments fixed in formaldehyde, stained with DAPI and calcein and LR-white-embedded, which were representative of the average mineralogical content of all the samples (Kaźmierczak et al., 2011; Couradeau et al., 2013) .
Identification of cyanobacteria based on their morphology and pigment content Cyanobacteria are the dominant photosynthesizers in Alchichica microbialites (Couradeau et al., 2011 , Kaźmierczak et al., 2011 and the morphology of some characteristic types is informative for taxonomic classification. We thus used CLSM to assess the taxonomic ascription of individual cyanobacterial cells in thin slides of microbialites that were transversally cut based on morphology, fluorescence properties and comparison with publicly available databases (for example, Algal-ED http:// silicasecchidisk.conncoll.edu/Algal-ED_finished. html; Komárek and Hauer, 2011) . Although photosynthetic pigments, especially chlorophyll, but also phycobiliproteins, were partly extracted or degraded during embedding in LR-white resin, LR-whiteincluded cyanobacterial cells were still clearly detectable by CSLM because of the fluorescence associated to their sheaths and remaining photosynthetic pigments (Figure 2 ). In addition, cell morphology was particularly well preserved in formaldehyde-fixed samples embedded in LR-white. This allowed a reliable classification of the morphotypes.
We catalogued up to six different cyanobacterial morphotypes that were labeled Un1 and Un2 for unicellular cyanobacteria, F1 for filamentous cyanobacteria, P1 for Pleurocapsales, and N1 and N2 for Nostocales. The different morphotypes of cyanobacteria and tentative taxonomic identification, as well as their respective occurrences in microbialites from different water depths in the lake are summarized in Table 1 . The possible affiliations of the six different morphotypes are compatible with molecular diversity analyses based on 16S ribosomal RNA gene sequencing of lake samples (Couradeau et al., 2011; Kaźmierczak et al., 2011) . Some cyanobacterial orders like Pleurocapsales or even genera like Rivularia/Calothrix and Nodularia were easily recognizable. However, morphology and pigment content are not precise-enough criteria to affiliate unambiguously the morphological types to previously identified specific operational taxonomic units (defined as 497% 16S rRNA gene nucleotide identity).
Pleurocapsa-like cells (P1) were among the most widespread morphotypes, becoming noticeably dominant at 14 m depth. They were easily identifiable by their morphology, as they formed colonies of pseudofilaments and were divided by multiple fission and subsequent liberation of smaller daughter cells (baeocytes; Waterbury and Stanier, 1978) , as can be seen in Figures 2a and b . Furthermore, the affiliation of the P1 morphotype to the order Pleurocapsales is supported by a previous analysis of 16S rRNA genes, which showed that Pleurocapsales encompassed the dominant cyanobacterial phylotypes in microbialites sampled at 14 m water depth (Couradeau et al., 2011) . Up to five different operational taxonomic units affiliated to the Pleurocapsales in previous studies of the same samples (Couradeau et al., 2011 , Kaźmierczak et al., 2011 . However, morphology alone is not sufficient to establish a clear correspondence between our P1 Abbreviations: Ø, diameter; L, length. Al followed by a number refers to fixed microbialites from the lake.
Raman and fluorescence imaging of microbialites E Gérard et al morphotype and a particular operational taxonomic unit. It is noteworthy that some Alchichica cyanobacteria, such as Gloeocapsa-and Leptolyngbyalike species, Rivularia and Pleurocapsales, were visibly surrounded by an important amount of EPS, which results in the entrapment of mineral phases (Figure 2 and Supplementary Figure S1 ).
Fluorescence/Raman imaging of Alchichica microbialites Combined CLSM and Raman imaging were used to characterize the nature of carbonates forming within the biofilms. Figure 3 displays characteristic Raman spectra associated with the major minerals composing Alchichica microbialites. Hydromagnesite, a hydrated magnesium carbonate (Mg 5 (CO 3 ) 4 (OH) 2 4(H 2 O)), was the most abundant one in agreement with previous bulk X-ray diffraction analyses (Kaźmierczak et al., 2011) . Aragonite (CaCO 3 ) was also detected, although in less abundance. As shown in Figure 4a , the outer biofilm, mainly formed by Pleurocapsales, was clearly visible on top of the section because of the fluorescence of remnant sheaths and photosynthetic pigments, with a maximum fluorescence emission, remaining after formaldehyde fixation and LR-white embedding, between 450 and 550 nm following an excitation at 405 nm (encircled area 2 in Figures 4a and d and spectrum 2 in Figure 4c ). Relics of cellular pigments were also detectable within the mineral matrix (area 3 in Figures 4a and d and spectrum 3 in Figure 4c ), showing that cyanobacterial cells were encrusted in the mineralized area. CLSM revealed at least two different types of minerals below the outer overlying biofilm (MM1 and MM2). Superimposition of the CLSM image and the associated Raman map (Figure 4b) showed that the minerals MM1 and MM2 were aragonite and hydromagnesite, respectively. Although hydromagnesite composed most of the microbialite mass, both in the surface (Supplementary Figure S1 ) and in the internal mineralized parts, aragonite was systematically found in association with P1 Pleurocapsales colonies. In some areas of microbialites developing near the lake surface (10 cm depth), relics of cellular pigments formed lamination patterns within aragonite. This was not observed for hydromagnesite (Figure 4a ). At a closer scale, light-green calcein staining was detected around remnants of cell sheaths in certain zones of dense actively dividing colonies of Pleurocapsales (Figures 5a and b) . The calcein staining appeared as a sort of pavement within the mineral matrix (in black in Figures 5a and b) . Superimposed Raman maps (Figures 5c-e) showed that the bulk part of this mineral matrix was composed of aragonite. We observed the same specific association between Pleurocapsales and aragonite in all the 14 observed sections of field samples collected from 10 cm to 14 m depth (Table 2 ). These observations combining CLSM and Raman analyses were performed systematically for all the samples over all the areas where the biofilm was detectable, which represented several tens of cubic micrometers for each section. In most of the samples (10 over 14), Pleurocapsales were found in close association with aragonite only, whereas in 4 samples small amounts of hydromagnesite in addition to aragonite were also detected in close association with the Pleurocapsales (for example, Figure 5 and Supplementary Figure S2 ). We did not observe such aragonite cooccurrence with any other morphotype of cyanobacteria. It is noteworthy that in some microbialite samples, especially those from 14 m depth, the aragonite distribution followed exactly the same pattern as the Pleurocapsales colonies ( Figure 6) .
A small fraction of hydromagnesite dispersed within aragonite was also detectable in some samples (for example, Figure 5) . Notably, hydromagnesite distribution inferred by Raman followed a pavement-like pattern similar to, but not matching exactly with, that shown by calcein staining. More generally, calcein appeared to have a particular affinity for interfaces between aragonite and hydromagnesite (Supplementary Figure S4) , and to a lesser extent for hydromagnesite itself ( Figure  6 and Supplementary Figure S1 ).
Rivularia-like cells have been observed previously in aragonite in Alchichica microbialites (Kaźmierczak et al., 2011) . In 3 samples out of 14, we similarly detected Rivularia-like cells associated with a Pleurocapsales biofilm lying above an aragonite patch. However, in contrast to Pleurocapsales we did not detect Rivularia morphotypes alone (that is, without Pleurocapsales) in close association with aragonite.
Calcein staining of microbialite biofilms
In 14-to 15-m-deep microbialite fragments fixed in RNAlater or freshly collected from aquaria enriched in Pleurocapsales colonies, calcein accumulated in the sheaths surrounding the cells, including dividing cells (Figure 7 ). Baeocytes devoid of fluorescently detectable sheaths were not stained by calcein ( Figure 7 ). As only Ca 2 þ and not Mg 2 þ was detectable by scanning electron microscopy and energy-dispersive X-ray spectroscopy around the cells stained with calcein, we concluded that this calcein coloration corresponds to a Ca 2 þ accumulation (Supplementary Figure S2) .
Discussion
Despite considerable progress in our understanding of the microbial diversity associated with different microbialites and their mineralogy, the question of whether or not some microorganisms have an important active role in promoting mineral precipitation is unsettled (for example, Reid et al., 2000; Ló pez-García et al., 2005) . Our study of Alchichica microbialites allows answering partially to this question. Concomitant CSLM and Raman spectroscopy analyses of these microbialites show that both aragonite and hydromagnesite precipitate within the biofilm covering the microbialites. One striking observation is that aragonite appears recurrently associated with one predominant type of cyanobacteria having the typical morphology of Pleurocapsales (Figures 4-6 and Supplementary Figures S3, S4 and S5). So far, few studies have suggested that some species could be specifically associated with mineral precipitation within the complex diversity of a biofilm (for example, Planavsky et al., 2009 , Couradeau et al., 2012 . Here we show that a specific lineage of cyanobacteria can orient carbonate precipitation towards aragonite, whereas hydromagnesite precipitates elsewhere. Several hypotheses may be considered for the in situ precipitation of carbonates within the Alchichica microbialites. The lake is supersaturated with respect to both hydromagnesite and aragonite, but also to other carbonate minerals, such as calcite, as previously described by Kaźmierczak et al. (2011) . The saturation indexes (SIs), which correspond to log (IAP/ K sp ), where IAP is the ionic activity product and K sp is the solubility product for each type of mineral, were above zero for both hydromagnesite (SI ¼ 0.68) and aragonite (SI ¼ 0.9). However, precipitation may not occur even if supersaturation is reached because of kinetic barriers, and higher levels of saturation might be needed to overcome kinetic inhibitors. It has been shown, for example, that the SI must exceed 0.8 or 1 for aragonite precipitation to take place (Kempe and Kaźmierczak, 1994; Arp et al., 2001) . Biofilm microbiota may overcome these kinetic barriers by changing the chemical balances and supplying nucleation centers for mineral precipitation (for example, Dupraz and Visscher, 2005; Dupraz et al., 2009) .
Hydromagnesite is the major carbonate composing Alchichica microbialites, and was observed in the biofilms as few micrometer-sized grains entrapped in EPS produced by cyanobacteria of the 
Abbreviations: CLSM, confocal laser scanning microscopy; P1, Pleurocapsales cells. Their original depth in the water lake and the type of mineral associated with P1 are indicted ( þ for when the cells were found associated with the mineral, À when no association was found). Figures S1 and S3 ), or in smaller amounts around Pleurocapsales sheaths ( Figure 5 ). EPS would thus have served as precipitation nuclei, such as that for calcium carbonate precipitation around cyanobacteria (Arp et al., 1999; Braissant et al., 2003; Obst et al., 2009) . However, the presence of hydromagnesite does not appear to correlate with any particular bacterial morphotype and thus seems to be unspecific. EPSs are mainly composed of carbohydrates with small amounts of nucleic acids and proteins, and may contain functional groups such as phosphates and sulfates, which may bind divalent cations. These may be locally concentrated and then released during the degradation of decaying cyanobacterial colonies by heterotrophic bacteria and/or physicochemical degradation (for example, by UV irradiation or changes in pH values), resulting in increased local supersaturation and carbonate precipitation (Decho et al., 2005; Dupraz and Visscher, 2005; Braissant et al., 2007 Braissant et al., , 2009 Dupraz et al., 2009) . This process may be operating in Alchichica microbialites as well. Microorganisms without detectable photosynthetic pigments, probably heterotrophic, were abundantly detected by DAPI coloration in the biofilms (Supplementary Figure S5) and also by bulk molecular diversity methods (Couradeau et al., 2011) . Three processes may thus participate in hydromagnesite precipitation in the biofilm: (i) EPS may serve as a matrix and microbial cells as nucleation center for its precipitation, (ii) degradation of EPSs, such as (at least) those of Leptolyngbya persistent sheaths may create localized areas where the SI for hydromagnesite precipitation is reached when Mg 2 þ is released and (iii) hydromagnesite precipitates abiotically in the lake and microbial cells grow onto it, but also some, such as those of Leptolyngbia and Pleurocapsales, may have a cohesive role by entrapping hydromagnesite grains within the biofilm. Kaźmierczak et al. (2011) proposed that hydromagnesite replaced aragonite rapidly through a syngenetic-diagenetic process occurring in Alchichica microbialites. This would likely explain why aragonite is mostly found at the surface of the microbialites just below the Pleurocapsales biofilm. However, this diagenetic origin could only explain part of the hydromagnesite observed in Alchichica microbialites. Indeed, some hydromagnesite was observed within many biofilms in close association with several morphotypes of cells, suggesting that hydromagnesite might also form authigenetically within living biofilms.
Leptolyngbya, Rivularia genera or Pleurocapsales (Supplementary
Unlike hydromagnesite, aragonite was observed to be specifically and systematically associated with actively dividing Pleurocapsales. Different textures of aragonite were observed. Very often, fossilized Pleurocapsales cells were clearly visible in the aragonite matrix (for example, Figures 6 and 8; Couradeau et al., 2013) , whereas in other cases we only detected residual photosynthetic pigments forming laminations in aragonite (Figure 4 and Supplementary Figure S4) . These different patterns could be due to different rates of aragonite precipitation or different states of aragonite diagenesis (Kah and Knoll, 1996; Knoll and Semikhatov, 1998) . Considering the taxonomic specificity linked to aragonite precipitation, a biogenic origin for this mineral in Alchichica microbialites is the most likely hypothesis. Different mechanisms can be hypothesized to explain this specificity. It is already known that photosynthesis may promote the precipitation of Ca 2 þ carbonates by increasing the alkalinity through the consumption of CO 2 from HCO 3 À liberating OH À (Dupraz and Visscher, 2005; Ludwig et al., 2005; Kremer et al., 2008) . However, if photosynthesis was the only factor needed to promote aragonite precipitation, this mineral should be observed in association not only with the Pleurocapsales but also with the rest of cyanobacteria. Other processes need, thus, to be considered to explain the specific association of Pleurocapsales with aragonite.
An alternative or additional explanation concerns Ca 2 þ , which accumulates around certain Pleurocapsales cells (Figure 7) . It may be argued that actively dividing Pleurocapsales cells preferentially accumulate Ca 2 þ rather than Mg 2 þ in their sheaths. Pleurocapsales harbor indeed a particular cell wall structure with a third external fibrous layer (F-layer) not present in the other cyanobacterial phyla (Waterbury and Stanier, 1978; Bü del and Rhiel, 1985) . We showed that newly liberated baeocytes are not stained by calcein. Interestingly, those baeocytes are devoid of the F-layer and Ca 2 þ may accumulate preferentially in this Pleurocapsales-specific structure. The F-layer develops on growing baeocytes that lose their mobility and is thicker around older cells, maintaining them stuck together and to their substrate (Waterbury and Stanier, 1978) . This particular F-layer was shown to be formed by a complex organization of globular particles associated in parallel rows in the genus Chrooccidiopsis (Bü del and Rhiel, 1985) . Furthermore, we showed that aragonite precipitates first as needles around the Pleurocapsales cells from Alchichica microbialites (Couradeau et al., 2013) , which, again, suggest that nucleation occurs in the F-layer joining the cells together. Therefore, the composition of this F-layer seems to specifically favor the precipitation of calcium carbonate instead of magnesium carbonate around Pleurocapsales. Aragonite precipitation is favored over calcite because the still relatively high Mg 2 þ concentration existing in the F-layer in the Alchichica Lake may inhibit calcite precipitation (Deleuze and Brantley, 1997; Stanley and Hardie, 1999) . Similarly, it has been already shown that the surface layer of Synechococcus strain GL24, made up of identical proteins joined together to form a symmetrical pattern, exhibits selectivity with respect to the ions bound, and preferentially binds Ca 2 þ rather than Mg 2 þ (Schultze-Lam and Beveridge, 1994). We assume that aragonite starts to precipitate on the F-layer of living, photosynthetically active cells, as very well-preserved pigmented cells are still observed in aragonite (Figure 8 ; Couradeau et al., 2013) . In later stages along a fossilization gradient, cells become fully encrusted and a second type of aragonite crystals (large prismatic crystals instead of thin rods radiating from the cell wall) occupies the old cytoplasmic space (Couradeau et al., 2013) .
In summary, Pleurocapsales seem to drive the specific precipitation of aragonite in the presence of natural, high Mg 2 þ concentrations via the concomitant photosynthesis-derived alkalinization of their local environment and the specific accumulation of Ca 2 þ in the F-layer of vegetative cells. In doing so, they become encrusted and progressively fossilize (Couradeau et al., 2013) . At the same time, increasing carbonate precipitation prevents access to light. Progressive encrustation and increasingly limited access to light may be seen as important selective forces for the evolution of baeocytes. Motile baeocytes, lacking an F-layer, may migrate towards softer, non-encrusted parts of the biofilm where light intensity is more favorable for photosynthesis, thus escaping from complete encrustation in aragonite and allowing the continuous development of the colony. Indeed, we observed that baeocytes were mostly located towards the external part of the biofilm, whereas encrusted cells were towards the interior (Figures 2a and b, and Figure 5 ).
For a long time, one of the most important questions in stromatolite formation has been (and still is) whether (i) microorganisms develop first and induce carbonate precipitation (directly or indirectly) or whether (ii) carbonate precipitation occurs abiotically and microbes colonize and/or entrap and consolidate the precipitates. Although the two things likely happen in vivo, the Pleurocapsales example is a clear case of carbonates formed by microorganisms.
Members of the Pleurocapsales not only seem to be specific active factors in mineral formation in the Alchichica microbialites, as shown by coupled CSLM and Raman spectroscopy, but are also quantitatively abundant in Alchichica and widespread in other microbialite systems. Thus, Pleurocapsales were detected in all microbialite fragments collected in the Alchichica Lake, being dominant at greater depths (Couradeau et al., 2011) . Furthermore, phylotypes of Pleurocapsales related to those identified in Alchichica microbialites have been detected in numerous other microbialite systems, such as in Lake Van, Turkey (López-García et al., 2005) , Lake Satonda, Indonesia (Kempe and Kaźmierczak, 1993) , Shark Bay, Australia (Goh et al., 2009) and the Bahamian stromatolites (Foster et al., 2009 ). Therefore, Pleurocapsales, being abundant, closely associated with the mineral phase and actively promoting mineral precipitation, seem particularly well adapted to microbialite ecosystems and have an important role as ecological architects of microbialite structures. 
